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Abstract: An analytical phase transformation model has been used to study the kinetics of crystallization of amorphous alloys subjected to either isothermal or isochronal anneals. The model has been applied to Mg,,,Cu,7,7 and Pd,,Cu,,P,,Ni,,,
employing isothermal and isochronal differential scanning calorimetry. Applying different combinations of nucleation and growth mechanisms to
the same experiments, the nucleation and growth modes dominating the crystallization and the values for the corresponding kinetic
parameters, including the constant activation energies for nucleation and growth, have been determined. Further, the influence of
isothermal pre-annealing on subsequent isochronal crystallization kinetics, involving a gradual change of nucleation mode up to site
saturation with increase of pre-annealing, can be analyzed.
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1. Introduction

have been given [14-151).

Many experimental results of phase transformation
kinetics have been reported and fitted with a JohnsonMehl and Avrami (JMA) (-like) model [l-lo]. Often
the measured kinetics cannot be described with constant values for n and Q (fitted parameters) within a
JMA-like model (e.g. [ll-131): the fitted parameters, n
and Q, are different for different stages of the transformation.This has been explained by corresponding,
supposed changes in the nucleation and growth
mechanisms [ 11-13], i.e. the transformation process
would be not iso-kinetic. Fitting of JMA kinetics to
such phase transformations therefore only yields a
phenomenological description. In principle, JMA kinetics is not applicable, if a mixture of nucleation
mechanisms prevails. Against this background, an
analytical model for solid-state phase transformations
has been developed that incorporates three mechanisms: nucleation (e.g. mixed nucleation and/or
Avrami nucleation), growth (interface-controlled
and/or volume diffusion controlled growth) and impingement [ 14-151. The model has been developed for
both isothermally and isochronally conducted transformations, with time or temperature dependent kinetic parameters (for which analytical descriptions

In the present work, the analytical model was used
to study the crystallization kinetics of bulk amorphous
Pd40Cu30P2@i10
alloy and ribbons of melt-spun amorphous Mg,2,,Cu17,7alloy. From the fits of the analytical model to the experimental data obtained from isothermally and isochronally conducted differential
scanning calorimetry (DSC) experiments, the nucleation and growth modes occurring during the crystallization and the separate activation energies for nucleation and growth, have been determined.
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2. Phase transformation kinetics
2.1. Modes of nucleation, growth, and impingement
The term site saturation is used in those cases
where the number of (supercritical) nuclei does not
change during the transformation: all nuclei, of number N per unit volume, are present at time t=O already,

where qt-0) is the Dirac function. The continuous
nucleation rate per unit volume (i.e. the rate of formation of particles (nuclei) of supercritical size) is at lar-
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ge undercooling only determined by the rate of the
jumping of atoms through the interface between the
nucleus of critical size and the parent phase, which
can be given by an Arrhenius term,

where No is a temperature-independent nucleation rate
constant, and QN is the temperature- and timeindependent activation energy for nucleation, R is the
gas constant and T is the temperature. The number of
nuclei equals 0 at r=O. The mixed nucleation mode involves that the nucleation rate is equal to some
weighted sum of the nucleation rates according to
continuous nucleation and site saturation,

(3)
where N * and No represent the relative contributions
of the two modes of nucleation. So-called Avrami nucleation involves that the rate of formation of supercritical nuclei at time t is given by [ 1-4, 81
~ \ j ( T ( t=) )N'Aexp(-,jinr)

(4)

where il is the rate at which an individual sub-critical
nucleus
becomes
supercritical:
/z(t= zj=
&exp(-QN/RT( zj), with & as a temperatureindependent rate and N' as the total number of subcritical nuclei per unit volume at t=O.
The diffusion controlled and the interfacecontrolled growth modes can be given in a compact
form. At time t, the volume Y, of a particle nucleated
at time zis given by

"/,
Y =g (kdr]

where m is the growth mode parameter (m=l for interface-controlled growth; m=2 for volume diffusion
controlled growth) and d is the dimensionality of the
growth (d=l, 2, 3), g is a particle-geometry factor and
v(t)=voexp(-QJRT(t)), with Q, as the temperature
and time independent activation energy of growth. For
interface-controlled growth, vo is a constant temperature-independent interface velocity and QGrepresents
the energy barrier at the interface. For volume diffusion controlled growth, vo equals the pre-exponential
factor for diffusion Do and Q, represents the activation
energy for diffusion, Q,.
The number of supercritical nuclei formed in a unit
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volume, at time zduring a time lapse dz, is given by
I\j(T(z))dz according to Eqs. (1-4). The volume of
each of these nuclei grows from zuntil c according to
Eq. ( 5 ) where it is supposed that every particle grows
into an infinitely large parent phase, in absence of the
other growing particles. In this hypothetical case, the
volume of all particles at time t, called the extended
volume, is given by
f

V e= JV~(T(r))Y(T(t))dz
0

where V is the sample volume, which is supposed to
be constant throughout the transformation.
In reality, the particles do not grow individually
into an infinitely large parent phase: V does not account for the overlap of particles (hard impingement)
and their possible surrounding diffusion fields (soft
impingement). It is supposed here that the nuclei are
dispersed randomly throughout the total volume. Suppose that at time t the actually transformed volume is
V . If the time is increased by dt, the extended and the
actual transformed volumes will increase by dV" and
dV. From the change of the extended volume dV,
only a part will contribute to the change of the actually
transformed volume dV, namely a part as large as the
untransformed volume fraction [1-3,6]. Hence,
d V t = (v y- V)' d V e

(7)

This equation can be integrated, giving the degree
of transformation, f,as

2.2. General equation for the transformed fraction
According to Eqs. (1-6) and for cases for nucleation
considered here (as mixed nucleation and Avrami nucleation), the overall extended volume can be shown
to be given by the addition of two parts: one part that
can be conceived as due to pure site saturation and one
part that can be conceived as due to pure continuous
nucleation. By extensive calculation an explicit analytical expression for the extended volume can be obtained [14-151. The degree of transformation can then
be derived considering the impingement for example
according to Eq. (8).

No matter which of the nucleation or growth modes
considered determine the transformation mechanism,
the degree of isothermal or isochronal transformation
can be uniquely described by combinations of the time
dependent kinetic parameters: n(t), Q(t) and Ko(t) (i.e.
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for isothermal transformation) or the temperature dependent kinetic parameters n(T), Q(T) and Ko(T) (i.e.
for isochronal transformation) as (see Tables 1-4 in
Ref. [14] and Table 1 in Ref. [15] for corresponding
expressions for n, Q, and KO),

(9)
where the kinetic parameters n, Q, and KOdepend on
time and temperature, and a can be identified with
either the annealing time t for isothermal transformation, or with RT2/@for isochronal transformation [ 141.
The effective, overall activation energy, Q, can always
be analytically interpreted as a combination of the activation energies for nucleation and growth, Q N and

Furthermore, the values obtained for N* and No, loi6
m'-3 and 4 ~ 1 0 m-3.s-1
~'
respectively (Table l), are reasonable (cf. above discussion and Refs. [16-171). The,
in principle time dependent (cf. Eq. (9)) value of n, as
calculated from the values of the model parameters
obtained by fitting as a function of the degree of transformation, was found to vary only from 3.9 to 4 for
the whole range of isothermal transformation, which is
compatible with almost pure continuous nucleation (as
an extreme of the considered case of mixed nucleation)
and interface-controlled growth. It should be noted
that, for the fit, the initial part of the measurement, i.e.
the first 1500 s has not been taken into account.
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3. Results and discussion
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Considering the nucleation modes and the growth
modes as described in section 2.2, the following analytical models (combination of nucleation and growth
mechanisms) have been fitted to the experimental data:
(A) mixed nucleation and interface-controlled growth,
(B) Avrami nucleation and interface-controlled
growth, (C) mixed nucleation and volume diffusion
controlled growth, and (D) Avrami nucleation and
volume diffusion controlled growth.
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3.1. Fitting the analytical models to isothermal annealing experiments
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The crystallization kinetics of amorphous melt spun
ribbons of Mg82.3C~17.7
were measured by recording
isothermal DSC scans at temperatures of 356.7, 358.7,
360.7, and 362.7 K. For Mg82.3C~,7,7r
only model A
based on mixed nucleation and interface-controlled
growth, could be fitted well to the DSC results (see
Fig. l), giving a relative error of 10% (see Table 1).
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Fig. 1. Rate of enthalpy change due to isothermal crystalas measured (symbols),
lization of amorphous Mg8z.7Cu17.3,
and as fitted (lines), by assuming (a) interface-controlled
growth or (b) volume diffusion controlled growth, combined for both cases with mixed nucleation.

Table 1. Kinetic parameters as determined by fitting the analytical phase transformationmodel to the isothermal crystallization of amorphous Mg8,,Cul,,

C

1
1

4
10

116
119

140
200

3.9-4.0
2.4-2.5

133-134
167-168

D

-

-

-

-

-

-

A

3.2. Fitting the analytical models to isochronal annealing experiments
The result of the influence of pre-annealing on the
crystallization kinetics
of
bulk
amorphous
Pd40Cu30P20Ni10
alloy was investigated by performing

10
>45
>lo0

i ~ t h e r m a Pre-annealing
l
at temperatures fol~owedby
recording isochronal DSC scans at heating rates (2.5,
5, 10, 20, 40 Wmin). Experimental details regarding
specimen preparation and the subsequent DSC analysis have been described in Refs. [10,15]. The analytical models from A to D have been fitted to, simulta-
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neously, the DSC curves recorded for isochronal anneals applied to amorphous Pd40Cu30P,oNi,o
after severa1 different pre-anneals (cf. section 3.1). The results
are shown in Table 2 and Fig. 2. Apparently, isochronal crystallization is controlled by volume diffusion controlled growth and mixed nucleation. From
Table 2, the values of N*, the number density of preexisting nuclei, determined by fitting, increase from
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1.lx1019 to 8 . 1 ~ 1 m-3
0 ~ ~with increasing pre-annealing
(temperature), as should be expected. The values obtained for No, the temperature-independent nucleation
rate, vary randomly in a small range from 2x1040 to
5x1041 m - 3 d , i.e. No does not depend on the preannealing, as would be expected. Furthermore, the
values obtained for No are physically realistic [ 17-18].

Table 2. Kinetic parameters as determined by fitting the analytical model to the isochronal crystallization of amorphous
Pd,Cu&',,Ni,,
with different pre-annealingsfor 600 s at different temperatures Tpre

C

600

620
622
623
625

0.1 1
1.3
2.3
6.1

42
35
41
55

256
255
254
255

626

7.4

7.4

255

628

22

22

250

I

1

I

I

620

640
TlK

660

680

Fig. 2. Rate of enthalpy change divided by the heating
rate, dAH/dt=dAHldT, due to isochronal crystallization of
amorphous Pd,Cu,P,,Ni,,,
at the heating rates indicated,
as measured (symbols) and as fitted (lines), by assuming
mixed nucleation and volume diffusion controlled growth
(model (C)), after pre-annealingfor 600 s at 626 K.

As indicated by the increase of N* upon preannealing (model C), the initial state for the crystallization approaches the case of site saturation upon increasing the severity of the pre-annealing. Indeed, for
model C, the values of n, calculated from the values of
the model parameters obtained by the fitting as a
function of the degree of transformation, for the case
of the smallest degree of pre-annealing (600 s at 620
K) and the strongest degree of pre-annealing (600 s at
629 K), are constant and equal to 2.5 and 1.5, respectively (Table 2). Hence, upon increasing the degree of
pre-annealing, the character of the nucleation mode
changes from largely continuous nucleation to largely
site saturation. Further, the values determined for QN
and Q, do not depend on the degree of pre-annealing,
as should be expected (Table 2). The growth exponent
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315
315
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See
Fig. 3

See Fig. 3

10

-

-

12

n does not depend on the degree of transformation, if
continuous nucleation or site saturation prevails as nucleation mechanism. In these cases then also a constant value for the overall effective activation energy,
Q, results (cf. Eq. (10) and Table 2). This does not
hold for intermediate cases of nucleation. In the case
of mixed nucleation, the value of n is pronouncedly
influenced by @ and strongly depends on T (see the
results shown in Fig. 3). The potency of @ to influence the value of n depends on the values of N* and No.
Because QNand QG are constant indeed (see Table 2),
the value of Q as observed after a specific preannealing varies through n according to Eq. (I), and
thus depends on T and @(shown in Fig. 3).

4. Conclusions
Using the analytical phase transformation model, it
was shown experimentally that changes of the growth
exponent n, and the effective overall activation energy
Q, occurring as a function of the degree of transformation, do not necessanly imply a change of nucleation and growth mechanisms, i.e. such changes can
occur while the transformation is isokinetic. Constant
values for IZ and Q occur only in extreme cases as site
saturation and continuous nucleation. The analytical
phase transformation model allows determination of
the separate values for the activation energies for nucleation and growth for a single set of isothermal or
isochronal anneals for the same initial state of the
material investigated. The separate values determined
for the activation energies for nucleation and growth
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were found to be independent of the extent of preannealing, as it should be for an isokinetic transformation. No matter which kind of nucleation or growth
mode prevails, the overall activation energy is always

given by a combination of the constant activation energies for nucleation and growth according to Eq. (10)
which holds for isothermal and isochronal transformations.
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Fig. 3. Growth exponent, n, (a) and the overall effective activation energy, Q, (b) as a function of temperature for isochronal
annealing, of amorphous Pd,,Cu,,P,~i,, after pre-annealing for 600 s at 626 K.
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